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Alpha powerThe stimulus-evoked response is the principle measure used to elucidate the timing and spatial location of
human brain activity. Brain and behavioural responses to pain are inﬂuenced by multiple intrinsic and extrin-
sic factors and display considerable, natural trial-by-trial variability. However, because the neuronal sources
of this variability are poorly understood the functional information it contains is under-exploited for under-
standing the relationship between brain function and behaviour. We recorded simultaneous EEG–fMRI dur-
ing rest and noxious thermal stimulation to characterise the relationship between natural ﬂuctuations in
behavioural pain-ratings, the spatiotemporal dynamics of brain network responses and intrinsic connectivity.
We demonstrate that fMRI response variability in the pain network is: dependent upon its resting-state func-
tional connectivity; modulated by behaviour; and correlated with EEG evoked-potential amplitude. The
pre-stimulus default-mode network (DMN) fMRI signal predicts the subsequent magnitude of pain ratings,
evoked-potentials and pain network BOLD responses. Additionally, the power of the ongoing EEG alpha os-
cillation, an index of cortical excitability, modulates the DMN fMRI response to pain. The complex interaction
between alpha-power, DMN activity and both the behavioural report of pain and the brain's response to pain
demonstrates the neurobiological signiﬁcance of trial-by-trial variability. Furthermore, we show that multi-
ple, interconnected factors contribute to both the brain's response to stimulation and the psychophysiological
emergence of the subjective experience of pain.
© 2013 Elsevier Inc. All rights reserved.Introduction
In the course of everyday life the human brain is continually
bombarded by sensory information and generates a behavioural re-
sponse proportionate to the varying intensity and saliency of each
event. Functional neuroimaging experiments simulate a constrained
version of this scenario in a laboratory environment and primarily use
the signal change evoked in response to a stimulus event to elucidate
the timing, intensity and spatial location of the underlying brain
activity. Conventional fMRI and EEG analyses assume that the brain's re-
sponse is standardised and consistent across repeated stimulus presen-
tations. However, studies ranging from single-neuron recordings to
macroscale neuroimaging indicate that not only is response variability
intrinsic to brain function but that it contains perceptually relevant in-
formation (Debener et al., 2006; Scaglione et al., 2011; Scheibe et al.,aging Centre (BUIC), School of
ingham, B15 2TT, UK.
ew).
rights reserved.2010). The functional and behavioural signiﬁcance of this variability
and the neural substrates underlying it remain poorly understood.
Human pain is a conscious, subjective interpretation of nociceptive
input inﬂuenced by cognitive, neurophysiological and environmental
factors (Legrain et al., 2002; Tracey and Mantyh, 2007). Consequently,
both the perceptual and the brain responses evoked by pain exhibit
considerable natural variability both between individuals and across
multiple experimental trials (Coghill et al., 2003; Nielsen et al., 2009;
Stancak et al., 2011). The perception of pain from nociception is gener-
ated by a spatially-distributed network of brain regions (Apkarian et al.,
2005; Peyron et al., 2000) and recent fMRI studies have highlighted the
importance of studying network dynamics for understanding the emer-
gence of pain (Boly et al., 2007; Ploner et al., 2010). Suchwork reﬂects a
conceptual shift towards an appreciation of the importance of under-
standing the functional architecture of the brain as represented by in-
trinsically connected networks (ICNs), whose regional activity is
correlated during the resting-state, and modulated by external inputs
(Smith et al., 2009). Pain stimulation is therefore an ideal candidate sys-
tem in which to investigate the ability of multimodal neuroimaging to
provide trial-by-trial spatiotemporal dissociation between regional
69S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78brain responses to stimulation, and to probe the contribution of net-
work dynamics to the brain response.
The importance of brain network dynamics in supporting cognitive
function is becoming increasingly clear (Bressler and Menon, 2010).
We broadly summarise the contribution of ICN dynamics to task perfor-
mance and behavioural outcomes at three spatio-temporal scales as: 1)
(Ongoing) facilitating short-term, network response priming such that
pre-stimulus ICN activity inﬂuences the behavioural and/or brain re-
sponse to a subsequent stimulus (Becker et al., 2011; Sadaghiani et al.,
2009); 2) (Concurrent) providing an active contribution through signal-
ling occurring during task performance (Fox et al., 2007; Kelly et al.,
2008); 3) (Intrinsic) deﬁning core properties of ICNs, such as resting-
state signal coherence, that determine parameters of behavioural
(Mennes et al., 2011) or brain responses (Kannurpatti et al., 2012;
Keller et al., 2011).
Here we use simultaneous EEG–fMRI recordings during rest and
ﬁxed-temperature, noxious, thermal stimulation to investigate the con-
tributions of these threemechanisms to the natural variability in behav-
ioural and brain responses. EEG–fMRI presents a powerful tool to study
this phenomenon as: 1) fMRI provides the high spatial resolution
whole-brain coverage required to measure the activity of the distribut-
ed brain areas that comprise ICNs; 2) EEG records the dynamics of brain
activity directly, providing measurements of neuronal response fea-
tures with high temporal resolution. This allows investigation of how
variability in these features correlates with regional haemodynamic re-
sponse amplitudes; 3) Indices of cortical excitability, such as the 8–
13 Hz alpha oscillation which has been shown to modulate subsequent
behavioural and brain responses (Becker et al., 2011; Hanslmayr et al.,
2007; Linkenkaer-Hansen et al., 2004), can be measured from EEG
and their effect upon simultaneous fMRI signals observed.
It is important to characterise both inter- and intra-subject response
variability in order to fully understand the link between the brain's re-
sponse to pain and the subjects' perception of pain. However, the ma-
jority of neuroimaging studies analyse only a subset of potential
functional indices which restricts interpretation of the complex and
parallel brain processes underlying a given behaviour. In this study we
aim to take amore comprehensive approach, by investigating the inﬂu-
ence ofmultiple ICNs at a range of temporal scales. This demands both a
multimodal neuroimaging approach and an integrative analysis frame-
work, combining the dynamics of pre- and peri-stimulus neuroelectric
and haemodynamic ICN activity with event-related responses. We uti-
lise three analysis strategies: 1) investigating the Intrinsic mechanism
through the relationship between task-evoked fMRI responses in
the pain network and the resting-state functional connectivity of this
network; 2) studying the Concurrent mechanism by investigating the
origins of the natural variability in the brain's response to pain stimula-
tion using GLM analyses featuring single-trial parametric modulations
of either pain-ratings or EEG evoked potential amplitudes. Additionally,
the modulation of the fMRI response to pain by Ongoing cortical
excitability is tested by integrating spontaneous EEG alpha-power
with stimulus timings in the GLM; 3) using model-free independent
components analysis to identify ICNs additional to the pain network
and investigating how their fMRI signal modulations vary with the
pain fMRI response, the EEG response and the behavioural response.
Studying pre- and post-stimulus fMRI signals in these ICNs provide a
method to identify the inﬂuence of Ongoing and Concurrent mecha-
nisms respectively. Using these methods we demonstrate for the ﬁrst
time that multiple, spatio-temporal brain processes contribute to the
subjective experience of pain.
Materials and methods
Experimental paradigm
Simultaneous EEG–fMRI data were recorded in 16 subjects (8 fe-
male, mean age±SD 24.3±3.8 years). Written informed consentwas obtained from all participants and the protocol was approved
by the Research Ethics Board of the University of Birmingham. Ther-
mal pain stimuli were applied to the perineal area of the right leg at
two temperature conditions (PATHWAY CHEPs, Medoc, Israel). Rap-
idly delivered, noxious contact heat stimulation activates both Aδ-
and C-ﬁbre mechano-heat skin nociceptors leading to robust and re-
producible fMRI responses in the pain network (Roberts et al.,
2008) and well characterised contact heat evoked potentials
(CHEPs, (Chen et al., 2001; Warbrick et al., 2009)). During a prelimi-
nary testing session, immediately prior to scanning, the high condi-
tion was selected as the stimulus temperature that elicited an
average subjective pain report of 7/10 on a numerical rating scale
(NRS), high temperature was 53 °C (3 subjects); 52 °C (10 subjects);
or 51 °C (3 subjects). The low temperature condition was always set
2 °C below the high, and elicited an average subjective pain report
of 4/10. During a twelve-minute experimental run, thirty-six stimuli
of one temperature condition were delivered separated by an
inter-stimulus interval of 20s. Two experimental runs were acquired
for each temperature, resulting in seventy-two trials per condition.
Run order was counterbalanced across subjects. Individual trials
consisted of a single thermal pain stimulus followed by 12 s of central
ﬁxation before a visual cue (6 s central display of the word “Rate”)
instructing the subject to report a behavioural pain rating using a
0–4 NRS (0=no pain and 4=severe pain). Between stimuli the base-
line temperature of the thermal probe was maintained at 32 °C. Stim-
uli were delivered to exactly the same area of the leg for two
consecutive stimuli and then the probe was moved to an adjacent
area to prevent sensitisation to the stimulus. Within the same session,
following the ﬁrst two stimulus runs, a six-minute resting-state scan
was also acquired, during which subjects were instructed to lie still,
keep their eyes open and think of nothing in particular.
Data acquisition
All experiments were conducted at the Birmingham University Im-
aging Centre (BUIC) using a 3 T Philips Achieva MRI scanner. An eight
channel phased-array head coil was used to acquire T1-weighted ana-
tomical image (1 mm isotropic voxels) and whole-brain T2*-weighted,
functional EPI data (3×3×4 mm voxels, TR=2000 ms, TE=35 ms,
SENSE factor=2, ﬂip angle=80°). Cardiac and respiratory cycles
were continuously recorded (pulse oximeter and respiratory belt).
EEG datawere recorded from 62 scalp Ag/AgCl ring-type electrodes dis-
tributed according to the 10–20 system with two additional channels
used for recording the ECG and electrooculogram. The impedance at
all recording electrodes was maintained below 20 kΩ. A BrainAmp
MR-plus EEG ampliﬁer (Brain Products,Munich)was used for recording
data at 5 kHz with 0.016–250 Hz hardware ﬁlters. Subjects were posi-
tioned such that electrodes Fp1 and Fp2 were at the magnet isocentre
in the foot/head direction so as to minimise gradient artefact
(Mullinger et al., 2011). The EEG clock was synchronised with the MR
scanner clock, with the TR equal to a multiple of the EEG sampling peri-
od, to ensure consistent sampling of the waveforms (Mullinger et al.,
2008).
EEG analysis
EEG data were corrected for MRI gradient and pulse artefacts
using average-artefact subtraction in Brain Vision Analyser 2
(BrainProducts, Munich). Data were subsequently down-sampled
(500 Hz), ﬁltered (1–30 Hz) and converted to average-reference.
For each subject, data were concatenated across all four thermal stim-
ulus runs and processed with independent component analysis
(fastICA (Hyvarinen, 1999)). Components with non-physiological
power spectra or scalp distribution that represented residual pulse
or eye-blink artefacts were removed.
70 S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78Measuring continuous and pre-stimulus alpha power
To ensure accuratemeasurement of the continuous alpha oscillation
only ICs with bilateral parietal/occipital scalp topography and a clear
spectral peak presenting 8–13 Hz alpha power were selected and
retro-projected into channel space. Data from parietal/occipital chan-
nels PO3/4, POz, O1/2 and Oz were epoched based on the MRI trigger
(0–2000 ms). The Fast-Fourier Transform was used to calculate the
power spectral density for each TR epoch, averaged within ±1 Hz of
the individuals' alpha frequency (IAF). Separately for each run, the
alpha power timecourse was averaged across the six channels and
then normalised to control for differences inmaximum power between
subjects. This timecourse was then mean subtracted to create a regres-
sor for general linear model (GLM) analysis. Furthermore, the pre-
stimulus alpha power was calculated from the mean power within a
500 ms timewindow immediately preceding the delivery of each ther-
mal stimulus. Additionally, datawere epoched around the stimulus tim-
ings (−2 to +3 s) and time-frequency spectrograms of oscillatory
power were calculated for all single-trials using the continuous Morlet
wavelet transform in the Fieldtrip toolbox (http://ﬁeldtrip.fcdonders.
nl/) (Oostenveld et al., 2011). Spectrograms were averaged across all
trials and subjects to visualise alpha power dynamics both pre and
post-stimulation.
Single-trial CHEPs
Single-trial epochs (−500 ms pre-stimulus to 1000 ms post-
stimulus) were extracted from channel Cz which displayed the maxi-
mum evoked response in each subject and baseline corrected based
on the pre-stimulus period. Trials with amplitude exceeding ±100 μV
at any timepoint were rejected. Single-trial CHEPs N2–P2 amplitudes
were measured using an automated linear regression method
(Mayhew et al., 2006). Separately for each experimental run, regressors
for GLM analysis were formed from the mean-subtracted parametric
modulations in N2–P2 amplitude. For rejected trials, amplitude values
were set to the mean value of the run (i.e. zero).
Sorting trials by CHEPs amplitude, pain ratings and alpha power
To investigate the relationship between the CHEPs waveform, the
pain experience and ongoing brain activity and also to facilitate later
comparison with the timecourse of BOLD responses, single-trial CHEPs
were separately sorted by single-trial N2–P2 amplitude, pain rating
and pre-stimulus alpha power. Trials were binned into quartiles
according to the lower 25%, median 25% (37.5–62.5%) and upper 25%
of the respective variable.
FMRI GLM analysis
All fMRI analyses were carried out using FSL 4.1.8 (www.fmrib.ox.ac.
uk/fsl). Prior to statistical analysis automated brain extraction and
motion correction were applied. Physiological noise correction was
performed using custom MATLAB code (Glover et al., 2000), followed
by slice-timing correction, spatial smoothing (5 mm FWHM Gaussian
kernel), high-pass temporal ﬁltering and registration to high-resolution
structural andMNI standard brain images. Three subjectswere discarded
from further analyses due to multiple sharp movements (>3 mm) that
resulted in poor EEG and fMRI data quality.
Single-trial CHEPs–BOLD or rating–BOLD correlations
GLM analyses were performed to identify brain regions where the
BOLD response amplitude correlated with single-trial variability in ei-
ther: I) CHEPs N2–P2 amplitude; or II) the subjects' behavioural rat-
ing of pain intensity. A design matrix was constructed for each run
using three regressors: 1) constant amplitude thermal stimulus; 2)
stimulus parametric modulator of either N2–P2 amplitude or behav-
ioural pain rating; 3) 6 s NRS periods to account for the motor action
of stimulus rating.Alpha power–BOLD response interaction
A separate GLM analysis was performed to identify brain regions
where the amplitude of the BOLD response to thermal stimulation
was modulated by the brain's spontaneous cortical excitability as
indexed by ongoing EEG alpha power (Romei et al., 2008). We
addressed this question by using the GLM to model an interaction be-
tween the stimulus timings and alpha power, analogous to the psycho-
physiological interaction (PPI) method (Friston et al., 1997). The
multiplication of the constant amplitude stimulus regressor and the
alpha power creates an additional regressor, the amplitude of which is
non-linearly larger during a state of high alpha power and smaller dur-
ing low alpha power. First-level activation maps were generated using
four regressors: 1) main effect of continuous alpha power; 2) main ef-
fect of constant amplitude thermal stimulation; 3) the interaction be-
tween the stimulus and continuous alpha power, modelled as the
element-wise multiplication of columns (1) and (2); 4) 6 s NRS rating
periods.
All regressors were convolved with the canonical double-gamma
haemodynamic response function and ﬁrst-level statistical analyses
were performed using FEAT 5.98. Positive and negative contrasts
were set on all regressors. Separately for high and low temperature
conditions, ﬁrst-level results were combined across both runs, to cal-
culate an average response per subject at the second-level with ﬁxed
effects, and then combined across all subjects at the third-level using
FLAME 1+2 mixed effects (Woolrich et al., 2004). All Z-statistic im-
ages were thresholded using clusters determined by a Z>2.0 and
cluster corrected signiﬁcance threshold of pb0.05.
FMRI ICA analysis
In order to investigate the contributions of activity in multiple
brain networks to variability in the response to pain we used inde-
pendent component analysis (ICA) to resolve coherent patterns of
fMRI signal ﬂuctuation without the a-priori assumptions about the
shape or timing of the response that are inherent in the GLM. BOLD
data from all high temperature stimulation runs were temporally
concatenated and a group MELODIC analysis was used to decompose
the data into 20 maximally independent spatial maps and their asso-
ciated time-courses (Beckmann and Smith, 2004). Five ICs were se-
lected for further analysis, based on their spatial similarity to
previously reported ICNs: 1) pain network (including thalamus,
insula, anterior cingulate, bilateral prefrontal cortex and parietal
operculum), this ICN corresponds to the recruitment of the
resting-state saliency ICN (Menon and Uddin, 2010; Seeley et al.,
2007) by a pain task (Legrain et al., 2011); 2) primary sensorimotor;
3) visual; 4) dorsal attention network (DAN) (Corbetta and Shulman,
2002); and 5) DMN. Dual-regression (Beckmann, 2009) was then
used to identify individual subject timecourses for each ICN.
Timecourses were epoched based on the stimulus timings (−2 to
20 s) to create single-trial ICN HRs. These HRs were converted into
percent signal change using the mean value of the ﬁnal two time
points of the subject's mean ICN HR as baseline. For each subject
and each ICN, these single-trial HRs were then separately sorted by
the corresponding quartiles of N2–P2 amplitude and pain rating.
Statistics
Separately for the sorted CHEPs and ICN HR trial timecourses,
two-way repeated measures (RM) analysis of variance (ANOVA, fac-
tors: sorted quartile×time) were ﬁrst used to investigate whether a
signiﬁcant effect of quartile or an interaction between time and quar-
tile was present. Subsequently, at each EEG/HR time-point a one-way
RM ANOVA was used to test for signiﬁcant difference in response am-
plitude between quartiles. Signiﬁcant differences between the quar-
tiles of pain rating were tested with one-way ANOVA.
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We investigated the relationship between the amplitude of the
BOLD response evoked by thermal pain stimulation and the function-
al connectivity between the major nodes of the pain network in the
resting state. Regions of interest (ROIs) were deﬁned in MNI space
from the group-level GLM statistical map of signiﬁcant BOLD re-
sponse to thermal stimulation To ensure comparison of equal voxel
volumes between subjects and regions, all ROIs were formed by cen-
tering a 3×3×3 voxel cube (9×9×12 mm) on the maximum
z-statistic voxel in the following areas: contralateral anterior insula
(AntIns), contralateral secondary somatosensory cortex (SII), anterior
cingulate cortex (ACC) and thalamus. The following ROIs were de-
ﬁned as non pain-processing, control areas from the group ICN statis-
tical maps: left and right primary visual cortex, left and right posterior
parietal nodes of the DAN, and the precuneus/posterior cingulate
(PCC) and superior frontal gyrus (SFG) nodes of the DMN. All ROIs
were separately registered to the resting-state and stimulation runs
of each individual subject using FLIRT and the average timecourse
across voxels was extracted for each run. Stimulus run timecourses
were then epoched based on the stimulus timings (−2 to 20 sec-
onds) to create single-trial BOLD HRs. These HRs were converted
into percent signal change using the mean value of the last two
time points of the subject's mean HR as a baseline. The evoked
BOLD amplitude was calculated for each trial as the maximum signal
change occurring in a 10s window post-stimulus.
Functional connectivity of resting-state BOLD data
Seed-based functional connectivity (FC) analysis was performed to
investigate the strength of correlation in BOLD signal between ACC, SII
and AntIns ROIs during the independent resting-state run. Following
previous methodology (Fox et al., 2005), BOLD data from the separate
resting-state scan were pre-processed using brain extraction, motion
correction, physiological noise correction for respiratory and cardiac cy-
cles based on the RETROICOR method (Glover et al., 2000) using
in-house MATLAB code, low-pass ﬁltering (0.008b fb0.08Hz) and
5 mm spatial smoothing. The following trends of no-interest were re-
moved with linear regression: six motion parameters, global signal cal-
culated by averaging across all voxels, ventricular and white-matter
signals. For each ROI in turn, the BOLD signal was averaged across all
voxels to create a seed timecourse that was then correlated with the
timecourse of all other brain voxels. To explicitly assess the magnitude
of FC between a pair of ROIs, the mean Pearson's correlation coefﬁcient
(R) across voxels was calculated. Themean FCwas then correlated with
the peak amplitude of the mean BOLD response to the stimulus,
extracted from the thermal stimulation BOLD data using the same
ROIs. As a control analysis we tested whether the stimulus evoked
BOLD response in pain ROIs was related to the resting FC between the
following non pain-processing regions: left and right primary visual
cortex; left and right posterior parietal nodes of the DAN; and the PCC
and SFG midline nodes of the DMN.
Results
EEG and pain ratings
A robust CHEPs N2–P2 response was observed to high tempera-
ture stimuli in all subjects but only in seven subjects for the low tem-
perature condition. Although all subjects reported a similar sensation,
we hypothesize that the low temperature stimuli did not reliably
stimulate the “ﬁrst-pain” conducting Aδ-ﬁbres in all subjects. Group
average CHEPs waveforms are displayed in Fig. 1A. Both group
mean CHEPs N2–P2 amplitude and pain rating were signiﬁcantly larg-
er for high than low temperature stimuli (Fig. 1B, pb0.05 and
pb0.001 respectively, paired two-tailed t-test). Only one instance ofa signiﬁcant (pb0.05) positive correlation between single-trial pain
ratings and N2–P2 amplitudes was observed for high and low tem-
perature data (different subject). Range of R values, low: −0.1 to
0.23; high:−0.12 to 0.24. No signiﬁcant correlation was observed be-
tween pre-stimulus alpha power and pain rating, range of R values,
low: −0.05 to 0.1; high: −0.06 to 0.08.
fMRI
GLM analysis showed signiﬁcant positive BOLD responses (PBR) to
constant amplitude thermal stimulation in: brainstem, thalamus, cer-
ebellum, bilateral insula cortex, bilateral orbito-frontal cortex (OFC),
ACC, mid cingulate cortex (MCC), bilateral SII, bilateral primary so-
matosensory cortex (SI), bilateral pre-central gyrus, bilateral
supramarginal gyrus, and SMA (Fig. 2 and Table 1). These areas are
consistent with previous reports of the distributed brain network ac-
tivated by pain processing (Legrain et al., 2011; Peyron et al., 2000;
Tracey and Mantyh, 2007) and are highly comparable to those previ-
ously reported for contact heat stimulation (Roberts et al., 2008). Sig-
niﬁcantly larger PBR to high temperature stimuli compared to low
temperature were observed in small regions of contralateral insula
and SII cortex only (data not shown). We focus subsequent analyses
on the high temperature stimuli as these provided the most robust
EEG responses and HR amplitudes between high and low tempera-
ture conditions were similar.
EEG–fMRI correlations
Single-trial amplitude variability of the CHEPs N2–P2 explained
the BOLD response better than the constant amplitude regressor in
areas of the cerebellum, bilateral insula, MCC, ACC, bilateral SII, bilat-
eral SI, SMA and precuneus during the high temperature condition
(Fig. 2A). The spatial extent and signiﬁcance of CHEPs–BOLD correla-
tions was larger in the posterior than the anterior insula. These results
extend previous EEG source localisation studies that identiﬁed bilat-
eral insula/SII and cingulate cortex as sources of the N2–P2 response
to noxious stimulation (Bromm and Chen, 1995; Tarkka and Treede,
1993; Valeriani et al., 2002). The spatial extent of CHEPs–BOLD corre-
lation in bilateral SI was much greater than was observed for the main
effect of thermal stimulation. The precuneus and contralateral
pre-central gyrus were the only brain regions where BOLD responses
signiﬁcantly correlated with variability in CHEPs amplitude but not
with the constant amplitude, main effect of thermal stimulation.
Pain–fMRI correlations
GLM analysis also demonstrated single-trial parametric modula-
tions in BOLD signal that positively correlated with variability in sub-
jects' behavioural pain rating in SFG, MCC, ACC, contralateral
precentral gyrus, bilateral SI and SMA (Fig. 2B). Brain areas that corre-
lated with pain rating but not with CHEPs variability were the dorsal
ACC and SFG.
BOLD signal in ICNs is modulated by CHEPs amplitude
Group ICA analysis, with no a-priori model of brain activity, re-
solved patterns of coherent ﬂuctuations in fMRI signal due to ongoing
brain processes and stimulus modulations. The DMN, DAN and visual
ICNs were additional to the pain and sensorimotor ICNs detected by
the GLM, a discrepancy that we attribute to a combination of the con-
siderable trial-by-trial amplitude variability and non-canonical mor-
phology of the haemodynamic response in these regions. Analysis of
HR timecourses showed that all ICNs exhibited stimulus-locked
changes in BOLD signal. The pain and sensorimotor networks and
the DAN responded to thermal pain with increases in BOLD signal
compared to pre-stimulus baseline, whereas negative BOLD responses
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Fig. 1. Groupmean CHEPs (A) and pain ratings (B) for low (blue) and high (red) temperature trials. Stimulation occurred at time=0 ms. The scalp distribution of EEG amplitude at the N2
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modulation of HRs extracted from these ICN was related to evoked
CHEPs and pain response. A substantial difference in the CHEPs wave-
form between quartiles of N2–P2 amplitude trials was clearly evident
(Fig. 3A, upper left). Pain ratings of the corresponding trials revealed a
non-signiﬁcant (p=0.08, RM ANOVA) trend for higher pain ratings
concurrent with larger amplitude CHEPs.
Sorting the single-trial ICN HRs according to the N2–P2 amplitude
of CHEPs showed that the activity of all of these networks was mod-
ulated in a graded way. A signiﬁcant interaction (two-way ANOVA)
between CHEPs-quartiles and time-point was observed for CHEPs
and Pain, Somatomotor, DAN and DMN ICN timecourses. Signiﬁcantly
increased PBR in upper compared to lower N2–P2 amplitude quartile
trials was observed in the pain, sensorimotor and DAN ICNs (pb0.05,A
B
Thermal pain 2     5
N2-P2 amplitude 2     3
Pain rating 2     3
 Z statistic
L       R
y = -32mm x = 0mm
Fig. 2. Group mixed-effects BOLD response to the main effect of constant amplitude
thermal pain stimulation (red-yellow) superimposed with: A) signiﬁcant positive cor-
relation between single-trial amplitude of the high temperature CHEPs N2–P2 and the
BOLD response (blue); B) signiﬁcant positive correlation between single-trial pain rat-
ings and the amplitude of the BOLD response (green) combined across high and low
stimulation temperatures. All statistical maps are cluster corrected Z=2.0, pb0.05.RM ANOVA) (Fig. 3A). The DMN response to thermal pain was also
modulated with CHEPs, with a signiﬁcantly reduced magnitude
of negative BOLD response (10–12 s) observed in trials with highest
N2–P2 amplitude. Interestingly, a signiﬁcant difference in DMN
amplitude between quartiles was also observed in the pre-stimulus
(−2–0 s) HR timepoints (pb0.05, RM ANOVA), indicating that trials
where the DMN BOLD signal was more positive at the time of stimu-
lation had signiﬁcantly smaller CHEPs N2–P2 amplitude. This sug-
gests a connection between the activity in the DMN and the
electrophysiological response to the subsequent pain stimulus. The
link found here between DMN activity and CHEPs amplitude may
therefore be suggestive of a mechanism by which perceived stimulus
saliency is coded. This effect was investigated more directly using the
pain ratings themselves.Table 1
MNI co-ordinates of the peak z-statistic voxel for all signiﬁcantly activated brain areas
identiﬁed from GLM analyses (Figs. 2 & 4). Peak locations are reported for both hemi-
spheres for bilateral activations, with just one peak location presented for midline ac-
tivations. Shaded rows display peak voxels identiﬁed from the positive BOLD
response to constant amplitude thermal pain (red), positive BOLD–CHEPs correlations
(blue), positive BOLD–pain rating correlations (green) and the conjunction between
DMN ICN and alpha–BOLD interaction (yellow). NA indicates that signiﬁcant voxels
were not observed in that hemisphere.
OFC
Precuneus
SFG
SFG
ROI
Left hemisphere Right hemisphere
x y z Z-stat x y z Z-stat
Thalamus −6 16 0 2.75 4 −20 0 2.65
Anterior insula −34 22 −6 4.24 40 24 −8 4.81
Posterior insula −40 −16 −2 4.32 40 −8 −8 4.56
ACC NA NA NA NA 4 16 46 4.94
MCC −6 −10 40 4.28 NA NA NA NA
SII −56 −28 20 5.34 62 −30 24 3.08
SI −8 −26 68 4.02 18 −42 68 4.36
Pre-central gyrus −28 −10 48 2.42 46 0 42 2.65
Supramarginal gyrus −56 −30 26 4.47 50 −42 46 4.25
SMA NA NA NA NA 2 −20 64 3.85
−44 42 16 3.31 44 42 10 3.26
Anterior insula −38 8 −6 2.43 32 12 −8 2.72
Posterior insula −40 −4 −8 2.90 34 −18 2 2.68
ACC NA NA NA NA 2 14 38 2.76
MCC −2 −6 40 3.12 NA NA NA NA
SII −50 −34 22 2.94 48 −38 16 2.32
SI −16 30 68 3.31 20 −30 64 3.26
Pre-central gyrus −38 −12 42 2.82 NA NA NA NA
SMA 0 −22 64 3.46 NA NA NA NA
−10 −56 30 2.94 NA NA NA NA
ACC NA NA NA NA 2 18 40 3.23
MCC NA NA NA NA 2 16 42 3.41
SMA −4 −30 64 3.17 NA NA NA NA
SI −26 −38 64 3.71 28 −28 64 3.09
Pre-central gyrus −24 8 48 2.52 NA NA NA NA
Paracingulate NA NA NA NA −4 46 12 3.12
NA NA NA NA 8 50 30 4.16
IPL −48 −70 32 NA 50 −62 32 NA
Precuneus −2 −44 26 NA NA NA NA NA
NA NA NA NA 6 50 10 NA
Lower 25% Median 25% Upper 25%A) Sorting by N2-P2 amplitude
B) Sorting by pain rating Lower 25% Median 25% Upper 25%
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Fig. 3.Modulation of the haemodynamic response in the ﬁve ICNs by A) N2–P2 CHEPs amplitude and B) single-trial pain ratings. HRs are sorted by upper (red), median (blue) and
lower (black) 25% quartiles of binned trials and averaged for display purposes. Error bars represent standard error in the mean across the group. Grey areas indicate the time points
where a signiﬁcant difference in amplitude between quartiles was observed, RM ANOVA pb0.05. * indicates signiﬁcant difference between quartiles of pain rating, RM ANOVA
pb0.05.
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The shape of the CHEPs waveform was similar between quartiles
of pain-rating, however the sorting procedure reveals the temporal
intervals that bear the strongest relationship to pain. These intervalsare centred on the N2 and P2 peaks, which show signiﬁcantly larger
amplitudes in trials with high pain ratings (pb0.05) (Fig. 3B), in
agreement with previous work (Chen et al., 2001). As expected, a
very signiﬁcant difference (pb0.01, RM ANOVA) in pain rating be-
tween quartiles was observed. Sorting the single-trial ICN HRs by
74 S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78the pain ratings also revealed signiﬁcant effects in addition to those
observed in the GLM analysis (Fig. 3B). A signiﬁcant interaction be-
tween pain-quartiles and time-point was observed for CHEPs and
Pain, Somatomotor and DMN ICN timecourses. In the pain network
and DMN, a signiﬁcant difference between the peak amplitude of
the HRs sorted by upper, middle and lower quartiles of pain rating
was observed (pb0.05, RM ANOVA). Signiﬁcant differences in DMN
BOLD signal between quartiles were again observed for pre- and
peri-stimulus time points (0–6 s). Trials that were perceived as
more painful were associated with signiﬁcantly larger BOLD signal
amplitudes in the DMN at the time of stimulation. These analyses
demonstrate that variance in the BOLD response in multiple ICNs
can be explained by the variability in CHEPs and behavioural ratings
and vice versa. In order to investigate other potential sources of vari-
ability, we further examined the effect of ongoing alpha oscillations
and resting-state fMRI activity.Modulation of CHEPs and DMN BOLD response by EEG alpha power
The group average, bilateral posterior scalp topography of
alpha-power is shown in Fig. 4A. Fig. 4B displays the group average
time-frequency spectrogram of the alpha oscillation, epoched around
the stimulus delivery. The power of the alpha oscillation is consistent
from two seconds pre-stimulus to three seconds post-stimulus,
suggesting that our analysis has accurately extracted spontaneous
alpha power. Fig. 4C shows the relationship between pre-stimulus
alpha power and the amplitude of the CHEPs waveform. Upper quartile
trials of pre-stimulus alpha power are associated with signiﬁcantlyL     R
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Fig. 4. Ongoing EEG alpha-power modulates CHEPs amplitude and interacts with the amplit
of alpha power (A) and time–frequency spectrogram of alpha power relative to stimulation o
(C). CHEPs trials were sorted by upper (red), median (blue) and lower (black) 25% quartiles
where a signiﬁcant difference in amplitude between quartiles was observed, RM ANOVA p
effect of thermal pain stimulation (red-yellow) overlaid with the positive interaction betw
conjunction between the interaction and the DMN ICN (yellow). Considerable spatial over
observed.larger N2–P2 CHEPs compared to lower quartiles of alpha power. This
ﬁnding is consistent with previous reports of the effect of alpha power
upon evoked potentials (Becker et al., 2008; Reinacher et al., 2009).
Fig. 4D demonstrates that a signiﬁcant interaction between the ampli-
tude of continuous alpha power and the BOLD response to thermal
pain stimulation was observed in the DMN but not in any areas of the
pain network. A signiﬁcant interaction was also observed in visual cor-
tex, a region where negative correlation between alpha power and
BOLD signal has been previously reported (Goldman et al., 2002).
These results indicate a speciﬁc relationship between theDMN response
to pain and the intrinsic, ongoing state of the brain as indexed by the
alpha oscillation. On average, thermal pain stimulation decreased the
DMN BOLD response below pre-stimulus baseline levels (Fig. 3). There-
fore, this result indicates that themagnitude of the DMN BOLD response
to thermal painwas reduced, i.e. theDMNwas less deactivated, during a
state of high alpha power. This ﬁnding is consistent with three other re-
sults: the enhancement of CHEPs amplitude in trials with high
pre-stimulus alpha power; the positive correlation between the ampli-
tude of the CHEPs and the BOLD response in the PCC region of the
DMN (Fig. 2A); and the association between larger CHEPs amplitude
and less deactivation of the DMN (Fig. 3A).Resting functional connectivity between pain network areas predicts
stimulus-evoked response
Qualitatively similar group FC maps were observed when using ei-
ther the ACC, SII or AntIns ROIs as the seed region, showing strong
resting FC between all three ROIs similar to previous reports (Caudax = -44mm        x = 0mm
Z statistic
2
N
-2
-1
0
1
2
2
3
3
4
Am
pl
itu
de
 (µ
V)
-0.2
Time (s)
C
0 0.2 0.4 0.6 0.8
5
2 5
0 1
4 10
ude of the BOLD response to thermal pain in the DMN. Group average scalp topography
ccuring at time = 0s (B). Modulation of CHEPs waveform by pre-stimulus alpha power
of binned trials and averaged for display purposes. Grey areas indicate the time points
b0.05. D) Statistical maps present the group mixed-effects BOLD response to the main
een alpha-power and the stimulus (blue); the group ICN of the DMN (green) and the
lap between the alpha-interaction and the DMN independently identiﬁed by ICA was
Th
al
am
us
-A
CC
 F
C 
(R
)
0 0.5 10.1
0.2
0.3
0.4
0.5
ACC BOLD amplitude (%)
R=0.71 p=0.006
0 0.5 10.1
0.2
0.3
0.4
0.5 R=0.67 p=0.01
AC
C−
An
tIn
s 
FC
 (R
)
 
 
 
AC
C-
SI
I F
C 
(R
)
0.1
0.2
0.3
0.4
0.5
0 0.5 1
ACC BOLD amplitude (%)
R=0.66 p=0.01
x=0mm
x=0mm
A
B0.6
0.3
0.6
0.3
Fig. 5. Strength of resting-state functional connectivity within the pain network is cor-
related with the thermal pain evoked BOLD response. Group mean resting connectivity
seeded in ACC (A green) and thalamus (B red). Signiﬁcant correlation was observed
between mean BOLD amplitude evoked by high temperature thermal pain condition
in the ACC and the strength of pain network functional connectivity (A) ACC–AntIns
and ACC–SII; B) ACC–thalamus during the separate resting-state scan.
75S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78et al., 2011; Kong et al., 2010). The strength of FC between both the
ACC–AntIns and ACC–SII at rest was signiﬁcantly positively correlated
with the magnitude of the BOLD response to thermal stimulation in
ACC (Fig. 5A).When seeding FC in the thalamus signiﬁcant connectivity
was observed only with the ACC (Fig. 5B). The strength of thalamus–
ACC FC was also signiﬁcantly correlated with the amplitude of the
BOLD response to thermal stimulation in the ACC. No signiﬁcant corre-
lations were observed between the mean evoked BOLD amplitude
in pain ROIs and the resting FC in any of the control regions (highest
correlations: SII–V1, R=−0.33, p=0.26; ACC–DMN, R=0.04, p=0.88;
AntIns–DAN, R=−0.16, p=0.59) demonstrating that the observed
relationship between resting connectivity and BOLD response to thermal
pain was speciﬁc to pain processing areas and is not a general property
of the brain.
Discussion
Delivering a ﬁxed-temperature, noxious stimulus input enabled us
to demonstrate that Ongoing, Concurrent and Intrinsic ICN mecha-
nisms all contribute to the natural inter- and intra-individual response
variability that forms a fundamental but often overlooked feature of
all psychological and neuroimaging studies. We investigated the rela-
tionship between subjective ratings of pain intensity, BOLD haemo-
dynamic responses, EEG evoked potentials, EEG alpha-power, pre-
and peri-stimulus BOLD signals in multiple ICNs, and resting-state
functional connectivity. Dependent on brain region and time relative
to stimulation, all of these factors contributed to the observed responsevariability. Evidence for the contribution of the three mechanisms can
be summarised as follows: Ongoing: 1) Pre- and peri-stimulus fMRI sig-
nals in the DMN are related to the magnitude of the subsequent pain
network BOLD response, CHEPs amplitude and subjective pain ratings.
2) The amplitude of CHEPs and the DMN BOLD response to pain stimu-
lation are modulated by the spontaneous power of the EEG alpha oscil-
lation. Concurrent: 1) Single-trial pain ratings and evoked-potential
amplitudes correlate with the BOLD response in sub-regions of the
pain network. 2) BOLD responses to thermal pain stimulation in multi-
ple ICNs are related to the trial-by-trial magnitude of pain ratings and
CHEPs. Intrinsic: The amplitude of the BOLD response to thermal pain
stimulation in pain network regions is correlated with the strength
of functional connectivity between those same regions during the
resting-state.
It must be remembered that considering any of these effects in
isolation represents an oversimpliﬁcation of the functional integra-
tion of the brain processes underlying the stimulus response. Our re-
sults demonstrate that several of these effects are overlapping, either
spatially whereby two different effects are found to contribute to re-
sponse variance in the same brain region (e.g. alpha power and pain
rating in the DMN); or occurring in the same temporal period (e.g.
BOLD signal modulation in multiple ICNs). Furthermore we reveal
the importance of dynamic functional interactions between brain re-
gions in shaping the subjective experience of pain and demonstrate
that contributions of brain processes at multiple spatio-temporal
scales should be considered to fully understand cognitive function.
Contributions to response variability in the pain network
Traditionally, BOLD responses to noxious stimulation have been
used to deﬁne the pain network (Peyron et al., 2000). By using a com-
bination of standard GLM, data-driven ICA and EEG–fMRI integration
analyses, we demonstrate that BOLD response variability in different
regions of this pain network is explained by behavioural and electro-
physiological variability. Speciﬁcally, the single-trial fMRI response
amplitude in MCC, ACC, S1 and SMA was positively correlated with
both pain ratings and evoked potential amplitude variability, provid-
ing support for coupling between these measures (Mobascher et al.,
2009). There has recently been debate about the extent to which
the evoked potential and fMRI responses of these regions are speciﬁc
to pain perception, compared to stimulus saliency (Legrain et al.,
2011; Mouraux and Iannetti, 2009). Although our methodology
does not allow us to discriminate between saliency and pain, the sim-
ilar regional correlations with the BOLD response suggest pain ratings
and evoked potential amplitude contain some common information.
Despite this general agreement, there were some dissociations with
ACC and SFG being speciﬁcally correlated with pain ratings and insula
with N2–P2 variability. Additionally, although pain ratings and N2–P2
amplitudes were signiﬁcantly different in high and low temperature
conditions, BOLD responses only differed in contralateral insula and
SII cortex. It is clear that all of the factors which relate fMRI to EEG
have not been uncovered, and EEG–fMRI integration studies should
always bear this in mind.
Our approach of moving the thermal probe every two-stimuli
minimised potential confounds of stimulus sensitisation and habitua-
tion upon themeasured responses. However, these changes in stimulus
location will cause a variation in the number of activated nociceptors
and also introduce an uncertain touch component due to slight differ-
ences in pressure between trials. These peripheral mechanisms repre-
sent an additional source of variability in the stimulus responses but
not a systematic effect that can confound our results.
Widespread modulation of ICNs by pain stimulation
Model-free analysis revealed that extrinsic stimulation extensively
perturbs multiple networks that are widely distributed throughout
76 S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78the brain. The DMN (Raichle et al., 2001) is themostwidely studied ICN,
preferentially engaged during rest and displaying task-induced reduc-
tions in activity during fMRI experiments (Hutchinson et al., 1999)
that are commonly observed concurrently with task-related increases
in signal in the DAN (Fox et al., 2005). Abnormal DMN BOLD coherence
in chronic pain patients compared to healthy controls (Baliki et al.,
2008) demonstrates a relationship between DMN activity and pain
perception. Here we present the ﬁrst temporal characterisation of
DMN and DAN activity during painful stimulation. On average we ob-
serve BOLD signal increases in the DAN and reductions in the DMN.
However, our results clearly indicate that the conventional concept of
a standardised, consistent response does not fully represent the func-
tional signiﬁcance of activity in these ICNs. Trial-by-trial variability con-
tains substantial information about pain processingwhich advances our
understanding of the functional signiﬁcance of the DMN in several
ways.
Providing evidence of both Ongoing and Concurrent ICN inﬂuences
upon brain and behavioural responses, higher pre- and peri-stimulus
BOLD signal in the DMNwas associated with the most painful stimulus
trials and both increased latency and reduced amplitude of DMN deac-
tivation (Fig. 3B). Previously, enhanced pre-stimulus DMN BOLD signal
has been shown to facilitate successful stimulus perception (Sadaghiani
et al., 2009). The observation of stronger DMNdeactivations to stimulus
trials perceived as less painful agrees with previous work (Kong et al.,
2010) and suggests that the DMN response to the unique, subjective ex-
perience of noxious events that contain psychological components such
as discomfort, threat and fear, is different to that evoked by cognitive
tasks where the magnitude of DMN deactivation reﬂects the level of
task engagement (Pallesen et al., 2009). A positive correlation was ob-
served between the amplitude of single-trial CHEPs N2–P2 and the
DMN and DAN BOLD response to thermal pain (Fig. 3A). We suggest
that these results provide evidence that the mechanisms of attention
and stimulus saliency that are known to induce natural variability in
pain evoked potentials (Iannetti et al., 2008; Legrain et al., 2002), are
represented in the ﬂuctuations of DAN and DMN ICN activity. A further
observation from our data is that trials where the pre-stimulus DMN
BOLD signal was more positive were associated with smaller EEG re-
sponse amplitudes but stronger pain ratings. We suggest that this ap-
parent dichotomy represents an instance of dissociation between the
evoked potential amplitude and the experienced pain (Iannetti et al.,
2008; Mouraux and Iannetti, 2009; Ronga et al., 2013).
The amplitude of DMN BOLD signal at time of stimulationwas found
to be predictive of the subsequent pain rating and the amplitude of
CHEPs and the BOLD response in both pain network and DMN regions.
The magnitude of DMN deactivation has been previously linked with
the level of demand or engagement in task performance (McKiernan
et al., 2006; Pallesen et al., 2009; Singh and Fawcett, 2008) and reduced
DMN activation is associatedwith response errors and poor task perfor-
mance (Eichele et al., 2008; Weissman et al., 2006). The functional in-
teractions between the DMN and regions of the attention network
occurring concurrently with the task have been shown to predict task
performance (Fornito et al., 2012; Prado and Weissman, 2011). In ac-
cordance with this previous work, our data suggest that DMN activity
can play a central role in supporting brain function, can modulate be-
haviour and exert inﬂuence upon the processing of spatially distinct
brain regions, including the pain network. We suggest that a rich, com-
plex relationship exists between the activity of the DMN and the behav-
ioural and brain response to acute pain stimulation and that the DMN
can shape the perceptual signiﬁcance of the stimuli.
Interaction between EEG alpha power and DMN BOLD response to pain
EEG–fMRI signals provide a wealth of complementary information
and simultaneous recordings have the potential to reveal greater in-
formation about brain function than is available to either technique
alone (Debener et al., 2006; Mayhew et al., 2012). However, thedifferent neurophysiological origin of the two signals necessitates
careful experimental design and interpretation. For instance, synchro-
nousneuronal activitywith a lowmetabolic cost could potentially be in-
visible to fMRI but measured by EEG, or asynchronous yet energetically
demanding neural signalling could be obscured in EEG but well repre-
sented in fMRI. Additionally, signiﬁcant BOLD signal correlations with
an EEG response do not necessarily represent the brain regions generat-
ing the EEG response but may simply reﬂect regions whose activity
covaries with EEG signal variability. Provided these considerations are
observed, EEG–fMRI represents a powerful tool for studying spontane-
ous brain dynamics with high spatiotemporal detail. This is illustrated
by our second demonstration of Ongoing ICN inﬂuences, in that the
DMN fMRI response to thermal pain simulation depends on its interac-
tion with the ongoing alpha oscillation. The magnitude of the BOLD de-
activation in the DMN was signiﬁcantly reduced during a state of
enhanced alpha-power amplitude. This indicates that alpha power, an
index of subjects' arousal and cortical excitability (Romei et al., 2008),
also provides an index of the responsiveness of the DMN network to
pain, and that alpha oscillations could represent a correlate of
DMN-related processes in certain circumstances. DMN ﬂuctuations are
posited to reﬂect either externally-directed monitoring of the environ-
ment, or internally-directed mentation (Buckner et al., 2008), both of
which could be associated with ﬂuctuations in subjects' susceptibility/
responsiveness that would affect the saliency of an external stimulus.
As such the ongoing synchronisation/desynchronisation of alpha oscil-
lations could be analogous to the ﬂuctuations of activation/deactivation
that are used to describe DMN function. In support of this hypothesis, a
recent study (Mo et al., 2012) suggests that spontaneous ﬂuctuations in
resting-state alpha power reﬂect the antagonistic relationship observed
between the task-negative (DMN) and task-positive (fronto-parietal,
DAN) networks with fMRI (Fox et al., 2005).
Resting-state connectivity predicts amplitude of task-evoked BOLD response
Finally, we demonstrated effects of Intrinsic ICN mechanisms on
brain responses by relating the functional properties of the resting pain
network to its response to thermal stimulation. We deﬁned pain ROIs
from areas exhibiting a very signiﬁcant PBR and show that inter-
individual variability in the mean BOLD response peak-amplitude to
noxious stimulation is explained by the functional connectivity between
these ROIs at rest. Analogous to recent ﬁndings in motor cortex
(Kannurpatti et al., 2012), subjectswho had stronger resting-state FC be-
tween pain-responsive regions had a larger amplitude BOLD response to
thermal pain stimulation in these same regions. This observation was
true when assessing pain network FC between cortical insula, ACC and
SII regions, as well as between the ACC and the thalamus, and was
uniquely speciﬁc to the pain network. Resting FC of visual, DMN and
DAN areas was unrelated to the BOLD response amplitude. No correla-
tion was found between FC and the subjects' mean pain rating or N2–
P2 amplitude in any of the investigated ROIs. This result demonstrates
that part of the inter-individual variability in BOLD responses is
explained by the intrinsic properties of the pain network. Taking this ob-
servation further, we would predict that the strength of pain network FC
at the time of stimulation would account for additional intra-individual
evoked and behavioural response variability, something that has been
hinted at by recent studies (Boly et al., 2007; Cifre et al., 2012). Examin-
ing the resting-state or dynamic stimulus-related functional connectivity
of the brain opens up new opportunities for studying how the ongoing
activity of the brain modulates the stimulus response, and a technique
which may be amenable to exploitation in clinical populations with a
simple resting-state functional scan.
By exploiting natural inter- and intra-individual variability in behav-
ioural and brain responses to constant intensity thermal pain stimulation
wehavedemonstrated that electrophysiological andhaemodynamic ICNs
contribute to pain perception via all of the Ongoing, Concurrent and In-
trinsic mechanisms suggested above. Our results add to the growing
77S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78body of evidence linking variability of neural responses and behavioural
performance to low-frequency dynamics of ongoing brain activity mea-
sured by either fMRI or EEG. They also demonstrate the advantage of si-
multaneous EEG recording for interpreting and fully exploiting fMRI
responses. Our approach of factoring contributions from multiple,
interconnected brain processes is relevant to all studies which attempt
to link evoked brain responses with behaviour, and demonstrates that
exploiting these interactions leads to a more complete understanding of
the brain's response to stimulation, and the psychophysiological emer-
gence of the experience of pain.Acknowledgments
We thank the Engineering and Physical Science Research Council
(EPSRC) for funding this research. APB: EP/F023057/1; SDM: EP/
I022325/1.References
Apkarian, A.V., Bushnell, M.C., Treede, R.D., Zubieta, J.K., 2005. Human brain mecha-
nisms of pain perception and regulation in health and disease. Eur. J. Pain 9,
463–484.
Baliki, M.N., Geha, P.Y., Apkarian, A.V., Chialvo, D.R., 2008. Beyond feeling: chronic pain
hurts the brain, disrupting the default-mode network dynamics. J. Neurosci. 28,
1398–1403.
Becker, R., Ritter, P., Villringer, A., 2008. Inﬂuence of ongoing alpha rhythm on the visu-
al evoked potential. Neuroimage 39, 707–716.
Becker, R., Reinacher, M., Freyer, F., Villringer, A., Ritter, P., 2011. How ongoing neuro-
nal oscillations account for evoked fMRI variability. J. Neurosci. 31, 11016–11027.
Beckmann, C.F., 2009. Group comparison of resting-state fMRI data using multi-subject
ICA and dual regression. Proc OHBM San Francisco.
Beckmann, C.F., Smith, S.M., 2004. Probabilistic independent component analysis for
functional magnetic resonance imaging. IEEE Trans. Med. Imaging 23, 137–152.
Boly, M., Balteau, E., Schnakers, C., Degueldre, C., Moonen, G., Luxen, A., Phillips, C.,
Peigneux, P., Maquet, P., Laureys, S., 2007. Baseline brain activity ﬂuctuations pre-
dict somatosensory perception in humans. Proc. Natl. Acad. Sci. U. S. A. 104,
12187–12192.
Bressler, S.L., Menon, V., 2010. Large-scale brain networks in cognition: emerging
methods and principles. Trends Cogn. Sci. 14, 277–290.
Bromm, B., Chen, A.C., 1995. Brain electrical source analysis of laser evoked potentials
in response to painful trigeminal nerve stimulation. Electroencephalogr. Clin.
Neurophysiol. 95, 14–26.
Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain's default network:
anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1–38.
Cauda, F., D'Agata, F., Sacco, K., Duca, S., Geminiani, G., Vercelli, A., 2011. Functional
connectivity of the insula in the resting brain. Neuroimage 55, 8–23.
Chen, A.C., Niddam, D.M., Arendt-Nielsen, L., 2001. Contact heat evoked potentials as a
valid means to study nociceptive pathways in human subjects. Neurosci. Lett. 316,
79–82.
Cifre, I., Sitges, C., Fraiman, D., Munoz, M.A., Balenzuela, P., Gonzalez-Roldan, A.,
Martinez-Jauand, M., Birbaumer, N., Chialvo, D.R., Montoya, P., 2012. Disrupted
functional connectivity of the pain network in ﬁbromyalgia. Psychosom. Med. 74,
55–62.
Coghill, R.C., McHafﬁe, J.G., Yen, Y.F., 2003. Neural correlates of interindividual differ-
ences in the subjective experience of pain. Proc. Natl. Acad. Sci. U. S. A. 100,
8538–8542.
Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven atten-
tion in the brain. Nat. Rev. Neurosci. 3, 201–215.
Debener, S., Ullsperger, M., Siegel, M., Engel, A.K., 2006. Single-trial EEG–fMRI reveals
the dynamics of cognitive function. Trends Cogn. Sci. 10, 558–563.
Eichele, T., Debener, S., Calhoun, V.D., Specht, K., Engel, A.K., Hugdahl, K., von Cramon,
D.Y., Ullsperger, M., 2008. Prediction of human errors by maladaptive changes in
event-related brain networks. Proc. Natl. Acad. Sci. U. S. A. 105, 6173–6178.
Fornito, A., Harrison, B.J., Zalesky, A., Simons, J.S., 2012. Competitive and cooperative
dynamics of large-scale brain functional networks supporting recollection. Proc.
Natl. Acad. Sci. U. S. A. 109, 12788–12793.
Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E., 2005.
The human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc. Natl. Acad. Sci. U. S. A. 102, 9673–9678.
Fox, M.D., Snyder, A.Z., Vincent, J.L., Raichle, M.E., 2007. Intrinsic ﬂuctuations within
cortical systems account for intertrial variability in human behavior. Neuron 56,
171–184.
Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997. Psychophysio-
logical and modulatory interactions in neuroimaging. Neuroimage 6, 218–229.
Glover, G.H., Li, T.Q., Ress, D., 2000. Image-based method for retrospective correction of
physiological motion effects in fMRI: RETROICOR. Magn. Reson. Med. 44, 162–167.
Goldman, R.I., Stern, J.M., Engel, J., Cohen, M.S., 2002. Simultaneous EEG and fMRI of the
alpha rhythm. Neuroreport 13, 2487–2492.Hanslmayr, S., Aslan, A., Staudigl, T., Klimesch, W., Herrmann, C.S., Bauml, K.H., 2007.
Prestimulus oscillations predict visual perception performance between and with-
in subjects. Neuroimage 37, 1465–1473.
Hutchinson, M., Schiffer, W., Joseffer, S., Liu, A., Schlosser, R., Dikshit, S., Goldberg, E.,
Brodie, J.D., 1999. Task-speciﬁc deactivation patterns in functional magnetic reso-
nance imaging. Magn. Reson. Imaging 17, 1427–1436.
Hyvarinen, A., 1999. Fast and robust ﬁxed-point algorithms for independent compo-
nent analysis. IEEE Trans. Neural Netw. 10, 626–634.
Iannetti, G.D., Hughes, N.P., Lee, M.C., Mouraux, A., 2008. Determinants of laser-
evoked EEG responses: pain perception or stimulus saliency? J. Neurophysiol.
100, 815–828.
Kannurpatti, S.S., Rypma, B., Biswal, B.B., 2012. Prediction of task-related BOLD fMRI
with amplitude signatures of resting-state fMRI. Front. Syst. Neurosci. 6, 7.
Keller, C.J., Bickel, S., Entz, L., Ulbert, I., Milham, M.P., Kelly, C., Mehta, A.D., 2011. Intrin-
sic functional architecture predicts electrically evoked responses in the human
brain. Proc. Natl. Acad. Sci. U. S. A. 108, 10308–10313.
Kelly, A.M.C., Uddin, L.Q., Biswal, B.B., Castellanos, F.X., Milham, M.P., 2008. Competi-
tion between functional brain networks mediates behavioral variability.
Neuroimage 39, 527–537.
Kong, J., Loggia, M.L., Zyloney, C., Tu, P., LaViolette, P., Gollub, R.L., 2010. Exploring the
brain in pain: activations, deactivations and their relation. Pain 148, 257–267.
Legrain, V., Guerit, J.M., Bruyer, R., Plaghki, L., 2002. Attentional modulation of the no-
ciceptive processing into the human brain: selective spatial attention, probability
of stimulus occurrence, and target detection effects on laser evoked potentials.
Pain 99, 21–39.
Legrain, V., Iannetti, G.D., Plaghki, L., Mouraux, A., 2011. The pain matrix reloaded: a sa-
lience detection system for the body. Prog. Neurobiol. 93, 111–124.
Linkenkaer-Hansen, K., Nikulin, V.V., Palva, S., Ilmoniemi, R.J., Palva, J.M., 2004.
Prestimulus oscillations enhance psychophysical performance in humans. J. Neurosci.
24, 10186–10190.
Mayhew, S.D., Iannetti, G.D., Woolrich, M.W., Wise, R.G., 2006. Automated single-trial
measurement of amplitude and latency of laser-evoked potentials (LEPs) using
multiple linear regression. Clin. Neurophysiol. 117, 1331–1344.
Mayhew, S.D., Li, S., Kourtzi, Z., 2012. Learning acts on distinct processes for visual form
perception in the human brain. J. Neurosci. 32, 775–786.
McKiernan, K.A., D'Angelo, B.R., Kaufman, J.N., Binder, J.R., 2006. Interrupting the
“stream of consciousness”: an fMRI investigation. Neuroimage 29, 1185–1191.
Mennes, M., Zuo, X.-N., Kelly, C., Di Martino, A., Zang, Y.-F., Biswal, B., Castellanos, F.X.,
Milham, M.P., 2011. Linking inter-individual differences in neural activation and
behavior to intrinsic brain dynamics. Neuroimage 54, 2950–2959.
Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network
model of insula function. Brain Struct. Funct. 214, 655–667.
Mo, J., Liu, Y., Huang, H., Ding, M., 2012. Coupling between visual alpha oscillations and
default mode activity. Neuroimage 68C, 112–118.
Mobascher, A., Brinkmeyer, J., Warbrick, T., Musso, F., Wittsack, H.J., Saleh, A.,
Schnitzler, A., Winterer, G., 2009. Laser-evoked potential P2 single-trial amplitudes
covary with the fMRI BOLD response in the medial pain system and interconnected
subcortical structures. Neuroimage 45, 917–926.
Mouraux, A., Iannetti, G.D., 2009. Nociceptive laser-evoked brain potentials do not re-
ﬂect nociceptive-speciﬁc neural activity. J. Neurophysiol. 101, 3258–3269.
Mullinger, K.J., Morgan, P.S., Bowtell, R.W., 2008. Improved artifact correction for com-
bined electroencephalography/functional MRI by means of synchronization and
use of vectorcardiogram recordings. J. Magn. Reson. Imaging 27, 607–616.
Mullinger, K.J., Yan, W.X., Bowtell, R., 2011. Reducing the gradient artefact in si-
multaneous EEG–fMRI by adjusting the subject's axial position. Neuroimage 54,
1942–1950.
Nielsen, C.S., Staud, R., Price, D.D., 2009. Individual differences in pain sensitivity: mea-
surement, causation, and consequences. J. Pain 10, 231–237.
Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.M., 2011. FieldTrip: open source soft-
ware for advanced analysis of MEG, EEG, and invasive electrophysiological data.
Comput. Intell. Neurosci. 2011, 156869.
Pallesen, K.J., Brattico, E., Bailey, C.J., Korvenoja, A., Gjedde, A., 2009. Cognitive and
emotional modulation of brain default operation. J. Cogn. Neurosci. 21, 1065–1080.
Peyron, R., Laurent, B., Garcia-Larrea, L., 2000. Functional imaging of brain responses to
pain. A review and meta-analysis (2000). Neurophysiol. Clin. 30, 263–288.
Ploner, M., Lee, M.C., Wiech, K., Bingel, U., Tracey, I., 2010. Prestimulus functional con-
nectivity determines pain perception in humans. Proc. Natl. Acad. Sci. U. S. A. 107,
355–360.
Prado, J., Weissman, D.H., 2011. Heightened interactions between a key default-mode
region and a key task-positive region are linked to suboptimal current perfor-
mance but to enhanced future performance. Neuroimage 56, 2276–2282.
Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman,
G.L., 2001. A default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98,
676–682.
Reinacher, M., Becker, R., Villringer, A., Ritter, P., 2009. Oscillatory brain states interact
with late cognitive components of the somatosensory evoked potential. J. Neurosci.
Methods 183, 49–56.
Roberts, K., Papadaki, A., Goncalves, C., Tighe, M., Atherton, D., Shenoy, R., McRobbie, D.,
Anand, P., 2008. Contact heat evoked potentials using simultaneous EEG and fMRI
and their correlation with evoked pain. BMC Anesthesiol. 8, 8.
Romei, V., Brodbeck, V., Michel, C., Amedi, A., Pascual-Leone, A., Thut, G., 2008. Sponta-
neous ﬂuctuations in posterior alpha-band EEG activity reﬂect variability in excit-
ability of human visual areas. Cereb. Cortex 18, 2010–2018.
Ronga, I., Valentini, E., Mouraux, A., Iannetti, G.D., 2013. Novelty is not enough: laser-
evoked potentials are determined by stimulus saliency, not absolute novelty.
J. Neurophysiol. 109, 692–701.
78 S.D. Mayhew et al. / NeuroImage 75 (2013) 68–78Sadaghiani, S., Hesselmann, G., Kleinschmidt, A., 2009. Distributed and antagonistic
contributions of ongoing activity ﬂuctuations to auditory stimulus detection.
J. Neurosci. 29, 13410–13417.
Scaglione, A., Moxon, K.A., Aguilar, J., Foffani, G., 2011. Trial-to-trial variability in the re-
sponses of neurons carries information about stimulus location in the rat whisker
thalamus. Proc. Natl. Acad. Sci. U. S. A. 108, 14956–14961.
Scheibe, C., Ullsperger, M., Sommer, W., Heekeren, H.R., 2010. Effects of parametrical and
trial-to-trial variation in prior probability processing revealed by simultaneous electro-
encephalogram/functional magnetic resonance imaging. J. Neurosci. 30, 16709–16717.
Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna, H., Reiss, A.L.,
Greicius, M.D., 2007. Dissociable intrinsic connectivity networks for salience pro-
cessing and executive control. J. Neurosci. 27, 2349–2356.
Singh, K.D., Fawcett, I.P., 2008. Transient and linearly graded deactivation of the human
default-mode network by a visual detection task. Neuroimage 41, 100–112.
Smith, S.M., Fox, P.T., Miller, K.L., Glahn, D.C., Fox, P.M., Mackay, C.E., Filippini, N.,
Watkins, K.E., Toro, R., Laird, A.R., Beckmann, C.F., 2009. Correspondence of the
brain's functional architecture during activation and rest. Proc. Natl. Acad. Sci.
U. S. A. 106, 13040–13045.Stancak, A., Alghamdi, J., Nurmikko, T.J., 2011. Cortical activation changes during
repeated laser stimulation: a magnetoencephalographic study. PLoS One 6,
e19744.
Tarkka, I.M., Treede, R.D., 1993. Equivalent electrical source analysis of pain-related so-
matosensory evoked potentials elicited by a CO2 laser. J. Clin. Neurophysiol. 10,
513–519.
Tracey, I., Mantyh, P.W., 2007. The cerebral signature for pain perception and its mod-
ulation. Neuron 55, 377–391.
Valeriani, M., Le Pera, D., Niddam, D., Chen, A.C., Arendt-Nielsen, L., 2002. Dipolar
modelling of the scalp evoked potentials to painful contact heat stimulation of
the human skin. Neurosci. Lett. 318, 44–48.
Warbrick, T., Derbyshire, S.W., Bagshaw, A.P., 2009. Optimizing the measurement of
contact heat evoked potentials. J. Clin. Neurophysiol. 26, 117–122.
Weissman, D.H., Roberts, K.C., Visscher, K.M., Woldorff, M.G., 2006. The neural bases of
momentary lapses in attention. Nat. Neurosci. 9, 971–978.
Woolrich, M.W., Behrens, T.E., Beckmann, C.F., Jenkinson, M., Smith, S.M., 2004. Multilevel
linear modelling for FMRI group analysis using Bayesian inference. Neuroimage 21,
1732–1747.
